INTRODUCTION
Agonists of β-adrenoceptor might be the most extensively prescribed therapeutic drugs for the treatment of asthma in clinical practice. They are powerful bronchodilators that provide relief of smooth muscle bronchospasm and hence attenuate airway obstruction. In addition to exerting bronchodilation, β-agonists also mediate bronchoprotection which is defined as inhibition of induced bronchoconstriction (1) . Although β-agonists acutely improve lung function, chronic use impairs therapeutic efficiency and even induces serious adverse effects (2) . Compelling evidence confirms the findings of earlier studies that there is an increase in asthma-related mortality with chronic use of β-agonists (3).
More and more clinical studies report that regular use of β-agonists induces loss of bronchoprotection (4) (5) (6) . The mechanisms of β 2 -adrenoceptors that underlie loss of bronchoprotection have not been elucidated thus far. Bronchial smooth muscle (BSM) is not only the main effector of bronchial contraction, but has also been considered as an inflammatory cell per se (7) . As an inflammatory cell, BSM can worsen bronchial inflammation by secreting inflammatory mediators, recruiting and activating inflammatory cells including T-lymphocytes and mast cells. Bronchial smooth muscle mass is dramatically increased in asthma, which is characterized by an increased BSM cell number (hyper-plasia), an increased BSM cell size (hypertrophy), and an increased deposition of extracellular matrix proteinscollagen -in and around the BSM bundles (6) . Increased BSM mass contributes significantly to overall airway remodelling and response to various stimuli; it also correlates with decline in lung function and severity of asthma. Smooth muscle (SM) α-actin is the first smooth muscle cell differentiation marker to appear during development and is also expressed in fibroblast differentiation to smooth muscle cell during airway remodelling or repairing; moreover, its expression is primarily restricted to smooth muscle cell in adult animals. Therefore, α-actin is the ideal marker of smooth muscle cells (8) .
Thus far, whether impaired bronchoprotection induced by formoterol is caused by increased BSM mass has not been reported. The goal of this study is to establish a mice model that reproduced the loss of bronchoprotection induced by formoterol observed in some asthmatics. We will then test our hypothesis that formoterol-induced impaired bronchoprotection is caused by increased BSM mass, through airway morphometric analysis and expression of SM α-actin (immunohistochemistry and western blot).
SUBJECTS AND METHODS
All mice care and experimental protocols were examined and approved by the Institutional Animal Care and Use Committee at Sichuan University. A total of 60 specific pathogenfree, eight-week old female BALB/c mice, weight 20-25 g, were purchased from the Experiment Animal Centre in Sichuan Academy of Medical Sciences. All the mice were kept in a pathogen-free barrier facility.
Drug formulations
The formoterol fumarate dihydrate (F ORM) was bought from Sigma in the United States of America (USA). The vehicle of the drugs was composed by (w/v): EDTA (0.1%), sodium chloride (8.5%), citric acid dried (0.15%), polysorbate 80 (0.2%), sodium citrate (0.5%) in deionized water. Formoterol fumarate dihydrate formulation was homogenized in polysorbate 80 and deionized water. Budesonide (BUD)/F ORM compound was made by adding BUD to F ORM suspension to the concentrations of 200 mg/ml and 5.72 mg/ml, respectively. All formulations were at pH 5.0 and kept away from light. The intratracheal instillation volumes were 1 ml/kg body weight in all mice. The BUD/ F ORM ratio was adjusted to the ratio 35:1 based on the clinical formulation (9) and experiment performed previously in rats (10) .
Mouse with chronic ovalbumin (OVA) and FORM treatment Mice were sensitized on days zero and 14 through intraperitoneal injection of 20 mg ovalbumin (OVA; Sigma, USA) with 2 mg of aluminum adjuvant diluted in saline, as described before (11) . Beginning on day 18 and continuing until day 49, mice were challenged for 60 minutes, five days in the first week and subsequently three days per week, with four rest days in between, by a 1% OVA aerosol produced by an atomizer (PARI, Germany). Two hours after OVA challenging, mice were modestly anaesthetized with isoflurane and then 20 µl FORM (0.29 µg/kg), BUD (10 µg/kg) plus FORM or vehicle (0.9% saline) was dropped into the trachea, respectively, after a maximal oropharyngeal exposure by a specific mouse laryngoscope. Animals were tested 24 hours after the last challenging day of each week. The FORM was delivered by oropharyngeal instillation to imitate the method of delivery in humans and thereby avoid potentially adverse effects of systemic FORM use, as shown in Fig. 1 
(12).
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Evaluation of airway responsiveness: impedance
Airway responsiveness was measured 24 hours after the last challenging day of each week and mice were anaesthetized and paralysed with intraperitoneal 80 mg/kg sodium pentobarbital and 0.25 mg/kg pancuronium bromide, respectively. Once mice were anaesthetized, a tracheal cannula and special-made caudal vein catheter were inserted and fixed with sutures. The animal was ventilated (Buxco, USA) at a constant volume of 7 mL/kg and a frequency of 160 breaths/ minute. We firstly established that the dose of methacholine (MCh) administered was maximal (400 µg/kg), which was not lethal for the mice, and defined the airway response to MCh by the maximal airway resistance (RI) value (RImax). The mice were ventilated until airway resistance was maintained stable for two minutes before each injection of drug which was injected after five-minute washing intervals. In brief, MCh, 400 µg/kg and 35 µl for each mouse, was injected first, followed by terbutaline (30 µg/kg and 35 µl for each mouse) and MCh. Injection of terbutaline/MCh was repeated three times. Airway resistance measurements (RImax and basal RI) were collected before and after each drug injection (Fig. 2) .
FORM-mediated bronchoprotection protocol
The RImax response to MCh and combined terbutaline/MCh was recorded. 
Haematoxylin and eosin (H&E) staining
Lung sections were stained by H&E for two reasons: first, to see whether an asthmatic model was successfully established, assessed by two points -perivascular or peribronchiolar inflammation in low magnification; and second, to compare the depth of BSM in each group in high magnification.
Airway structural changes by morphometric analysis (collagen, SM α-actin)
Masson-trichrome stain was used to stain lung sections for elastin collagen. The area among the outer extent of the total collagen layer in the submucosal region and the basement membrane was measured to semi-quantitate the thickness of airway wall collagen. The length of basement membrane was measured to normalize the detected area (13) . To identify SM α-actin, mouse monoclonal to α-actin was used with a biotinylated goat-anti-mouse secondary antibody. ImagePro Plus Software was applied to semi-quantitatively evaluate SM α-actin. Smooth muscle α-actin positive cells in only bronchi were counted by the ratio of integrated option density (IOD) and the detecting area.
Smooth muscle α-actin expression (western blot)
For western blot analysis, samples were lysed in RIPA (radioimmunoprecipitation assay), adding PMSF (phenylmethylsulfonyl fluoride) and separated on a 10% SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) gel, followed by western blotting with 1:1000 rabbit antimouse α-actin (Santa Cruz Biotechnology, USA) and β-actin (Abcam, USA). Secondary antibody -horseradish peroxidase conjugated horse anti-rabbit antibody (CST, USA) with dilution 1:6000 -was applied for chemiluminescence.
Statistical analysis
Data are expressed as mean ± SEM. Statistical analysis was performed using SPSS 10. Significant differences among groups were identified by analysis of variance (ANOVA). A p-value of less than 0.05 was considered statistically different.
RESULTS

Airway responsiveness
As shown in Fig. 3A , chronic FORM treatment resulted in a significant increase in RImax response to MCh, relative to the two other groups in the last week (p < 0.05), while no significant difference was detected in the controls and BUD+FORM group (p > 0.05). Animals treated with FORM as well as those in the BUD+FORM group showed a wave trend of RImax -a decline in the first two weeks and then a continuous increase. The control group had the highest RImax in the third week; after that, RImax declined and stayed at a relatively stable level. Although adding BUD significantly inhibits RImax, there was also a modest increased trend in the last three weeks. Accordingly, mice chronically treated with FORM demonstrated increased airway responsiveness.
Bronchoprotection
The bronchoprotective effect of β-agonists was significantly impaired in mice chronically treated with FORM (Fig. 3B ). Consistent with airway responsiveness, the per cent change in bronchoprotection was wavy -it increased in the first three weeks and then declined in the last two weeks in the FORMtreated group as well as the BUD+FORM group. The FORM-group had the lowest effect of bronchoprotection, while the control group had the highest level in the last two weeks (p < 0.05). This meant that in the fifth week, FORM exerted maximal bronchoprotection, after which the effect of bronchoprotection was impaired. Our mouse model successfully reproduced the association between chronic long-acting β-agonist use and β-adrenoceptor dysfunction, or tolerance observed in some asthmatics. phological remodellings in bronchial smooth muscle, slides were semi-quantitated by the ratio of smooth muscle α-actin staining. We found no effect of chronic FORM or BUD administration on the volume of smooth muscle around bronchi (p > 0.05) [ Fig. 6A-D] .
Impaired Bronchoprotection and Increased Smooth Muscle Mass
Haematoxylin and eosin staining
Smooth muscle α-actin expression level was analysed by western blot (Fig. 7) . Alpha-actin in the FORM group (Lane 2) showed no difference as compared with that in the control (Lane 1) and BUD (Lane 3) groups. That meant that neither FORM nor BUD could promote BSM mass; thus we concluded that impaired bronchoprotection induced by chronic use of FORM was not caused by increased BSM mass.
DISCUSSION
Beta-agonists are first-line therapeutic drugs for the treatment of asthma, especially the drug containing FORM and BUD such as Symbicort Turbuhaler ® . However, when used regularly, their effectiveness declines, and they might gradually enhance disease progression. This article firstly provides a detailed description of the effects of chronic formoterol administration in the chronic allergen challenging airway inflammatory disease and dynamic changing of bronchoprotection in seven consecutive weeks.
This finding is crucial because it proves that chronic administration of formoterol can exacerbate airway inflammation and responsiveness and impair bronchoprotection of β-agonists. Accordingly, β 2 -adrenoceptor dysfunction might be an underlying mechanism of worsening airway inflammation. Thus far, only two animal studies have evaluated the effect of chronic β-agonist treatment on bronchoprotection; however, only indirect reflection of bronchoprotection and short-acting β-agonists were included in these trials (14, 15) . Efforts to research the underlying mechanisms of β 2 -adrenoceptor dysfunction and relevant adverse events have been hindered by human ethic limitations and lack of animal models that combine the optimal route, dose and duration of β-agonist administration with sufficient duration of allergen challenging. The chronic FORM treatment that we applied in mice successfully demonstrated increased airway responsiveness and impaired bronchoprotection observed in asthmatics.
More and more trials have strongly demonstrated that excess smooth muscle, including hyperplasia and hypertrophy, is present in the airways of patients with asthma. Tissue remodelling due to increased BSM mass in allergic asthma is also known to correlate with airway hyper-responsiveness and severity of asthma in patients. Taken together, smooth muscle amount, and changes in its mass are likely to be key players in the dynamics of airway narrowing, including increased airway hyper-responsiveness and basic bronchial tension (6, 8) . However, according to the morphometric analysis of structure changes -collagen deposition, α-smooth muscle actin expression -impaired bronchoprotection induced by chronic FORM treatment seems to have no relevance with increased smooth muscle mass. That means that chronic treatment with FORM or FORM+BUD will not worsen or attenuate BSM hyperplasia or hypertrophy. Although no significant BSM mass changes were observed in the chronic FORM-treatment group, BSM is still the most important research target. Future research might focus on whether receptor modification or altered signalling, such as Ca 2+ mobilization or Ca 2+ sensitization, of BSM is involved. In fact, more work has been done to reveal the molecular mechanisms of impaired bronchoprotection in our laboratory based on the model, and more data will be published in upcoming articles. Impaired Bronchoprotection and Increased Smooth Muscle Mass 
